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Introduction
Cells protect their genome integrity by a conserved DNA damage response pathway (DDR) that coordinates DNA repair with control of the cell cycle progression. 1 Depending on the type of genotoxic stress and the cell cycle phase when the DNA damage occurred, lesions are repaired either by an error prone non-homologous end-joining (NHEJ) or by homologous recombination (HR). Master regulator of DDR is the protein kinase ATM that rapidly after formation of DNA double strand breaks (DSB) phosphorylates histone H2AX at S139 (called gH2AX) in the chromatin flanking the DNA lesion. 2 Phosphorylation of H2AX is required for recruiting an adaptor protein MDC1 and also E3 ubiquitin ligases RNF8 and RNF168 to the site of DNA damage. [3] [4] [5] H2A and H2AX have recently been identified as major substrates of RNF168 and monoubiquitination at K13 and K15 is recognized by the ubiquitination-dependent recruitment (UDR) motif of 53BP1. 6, 7 In addition, 53BP1 is recruited to the DNA damage foci through binding of its Tudor domain to the dimethylated histone H4K20-me2 and therefore 53BP1 is now recognized as a bivalent reader of posttranslationally modified mononucleosomes. 7, 8 In contrast to 53BP1, the protein complex containing BRCA1, Abraxas and RAP80 is recruited to the DNA damage foci through the ubiquitin-interacting motif (UIM) of RAP80 that binds to K63 ubiquitinated histones. 9, 10 Whereas BRCA1 is needed for DNA end resection and HR, 53BP1 facilitates repair of DNA lesions through NHEJ especially when localized in the heterochromatin or at telomeres. [11] [12] [13] Upon phosphorylation of the N-terminal domain by ATM, 53BP1 recruits RIF1 and PTIP that block resection of DNA ends and promote repair through NHEJ. [14] [15] [16] Thus there is now emerging evidence that recruitment of either 53BP1 or BRCA1 to the site of damage underlies the selection of particular DNA repair pathway.
supressed during mitosis. [19] [20] [21] Irradiation of mitotic cells triggers activation of ATM, phosphorylation of H2AX and recruitment of MDC1 to the condensed chromatin. 19 In contrast, 53BP1 is not recruited to DNA lesions during mitosis until cells progress to the following G1 phase. 19, 22, 23 Here we show that 53BP1 is phosphorylated in its C-terminal domain by Plk1 and Cdk1 during mitosis and that this modification supresses the ability of 53BP1 to bind to ubiquitinated histones and to localize to DNA damage foci. We propose a model by which the suppression of 53BP1 function is strictly limited to mitosis.
Results

53BP1 is phosphorylated by Cdk1 and Plk1 in mitosis
To compare the ability of 53BP1 to localize to the DNA damage foci in interphase and mitotic cells we irradiated exponentially growing U2OS cells with 3 Gy and analyzed them by immunofluorescence microscopy ( Fig. 1A) . Irradiated mitotic cells were strongly positive for gH2AX signal at chromatin suggesting that ATM is normally activated following exposure to genotoxic stress in mitosis. In fact, gH2AX signal was much stronger in mitotic cells compared to the neighboring interphase cells. Increased sensitivity of mitotic cells to ionizing radiation probably reflects the degradation of PPM1D phosphatase (also known as Wip1) we previously reported. 24 In contrast, 53BP1 was excluded from the chromatin in mitotic cells and did not colocalize with gH2AX in mitotic cells after irradiation. We hypothesized that distinct behavior of 53BP1 in interphase and mitotic cells might be at least in part caused by its posttranslational modifications and thus we aimed to investigate the impact of mitotic posttranslational modifications on 53BP1 function. First, we immunopurified endogenous 53BP1 from exponentially growing or mitotic cells and noted a significant decrease in electrophoretic mobility of mitotic 53BP1 (Fig. 1B) . Since the change in electrophoretic mobility was completely reversed by treatment of 53BP1 by lambda phosphatase we concluded that 53BP1 is phosphorylated during mitosis (Fig. 1B) . This finding is in good agreement with recent phosphoproteomic screens that identified extensive phosphorylation of 53BP1 during mitosis 25, 26 . Next, we wondered what kinases are responsible for this modification of 53BP1. To this end, we arrested cells in mitosis by addition of nocodazole and compared the effect of treatment by several protein kinase inhibitors on the mobility shift (Fig. 1C) . Addition of RO-3306, a specific inhibitor of Cdk1, impaired the mobility shift of 53BP1 suggesting that 53BP1 is phosphorylated by Cdk1 during mitosis. 27, 28 In contrast, treatment with SB202190, a selective inhibitor of mitogen-activated protein kinase p38 a (hereafter reported as p38a) did not significantly change the mobility of mitotic 53BP1. This data suggest that the majority of 53BP1 phosphorylation during mitosis depends on Cdk1 activity, although we cannot exclude some contribution of p38a on phosphorylation of 53BP1. In addition, inhibition of Plk1 by BI2536 inhibitor arrested cells in mitosis and increased the mobility of 53BP1 (Fig. 1C) . Change in the mobility of cdc27 and stabilization of hBora was used as control for effective inhibition of Cdk1 and Plk1, respectively. 29 We conclude that 53BP1 is phosphorylated by Cdk1 and Plk1 during mitosis. C. (C) U2OS cells were grown exponentially (Asynch.), treated for 12 h with RO-3306 to arrest them in G2, or with BI2536 or NZ to arrest them in mitosis. Mitotic cells treated with NZ were collected by shake-off and incubated for additional 60 min with DMSO or with RO-3306 or SB202190. Whole cell lysates were separated on 3-8% Tris-Acetate or 4-12% Bis-Tris gels and probed with indicated antibodies.
Plk1 phosphorylates 53BP1 during mitosis at Ser1618 in the UDR domain
Plk1 plays essential role in control of mitotic spindle formation and cytokinesis. 30, 31 In addition, Plk1 is required for recovery from the G2 checkpoint. 32, 33 This is achieved by induction of the bTrCP-dependent degradation of Claspin, a cofactor of ATR required for activation of Chk1 and for establishing the checkpoint. 34, 35 In addition, Plk1 has been reported to phosphorylate Chk2 in the FHA domain and to prevent its activation in mitosis. 23 Since Plk1 has a wellestablished role in negative regulation of the DDR response we aimed to investigate the effect of 53BP1 phosphorylation by Plk1. First, we identified putative phosphorylation sites based on known phosphorylation motif of Plk1 and conservation of the motif in the primary sequence of 53BP1. 36, 37 Out of 6 identified conserved motifs only 2, namely S395 and S1618, were previously reported to be phosphorylated in phosphoproteomic screens. 25, 26 We noted that S1618 is localized in the UDR motif immediately next to the L1619 residue that is essential for mediating the interaction of 53BP1 with ubiquitinated histone H2A and thus we focused on the ability of Plk1 to phosphorylate the C-terminal part of 53BP1. 7 We purified the truncated GST-53BP1 protein containing the Tudor domain, UDR motif and the tandem BRCT motifs and performed an in vitro kinase assay with active His-Plk1. Making use of a commercially available antibody against pS1618-53BP1 we found that Plk1 phosphorylated S1618 in vitro ( Fig. 2A) . Importantly, the signal was completely lost in the 53BP1-S1618A mutant confirming the specificity of the antibody (Fig. 2B) . Whereas Plk1 did phosphorylate the wild-type 53BP1-C-term fragment, the autoradiography signal was reduced in the 53BP1-S1618A mutant (Fig. 2B) . This suggests that Plk1 can phosphorylate S1618 and possibly also other residues in the C-terminal part of 53BP1. Next, we tested whether Plk1 phosphorylates S1618 also in cells. We found that pS1618-53BP1 was highly enriched in cells synchronized in mitosis by nocodazole, whereas only basal levels were present in asynchronically growing cells (Fig. 2C) . The specificity of the pS1618-53BP1 antibody was validated by siRNA-mediated depletion of 53BP1 that caused a loss of the signal in mitotic cells (Fig. 2D) . In addition, signal of pS1618-53BP1 was strongly reduced in mitotic cells treated with Plk1 inhibitor and the same reduction was observed in cells depleted of Plk1 using RNAi (Fig. 2C, E) . From this we conclude that Plk1 phosphorylates S1618 of 53BP1 also in vivo.
To study more closely the dynamics of pS1618-53BP1 phosphorylation, we synchronized cells at G1/S transition by thymidine, released them in fresh media supplemented with nocodazole and assayed the pS1618-53BP1 signal during progression to mitosis (Fig. 2F) . We have found that the occurrence of pS1618-53BP1 signal closely correlated with the positivity of pS10-histone H3 which is an established marker of mitosis. Similar pattern was observed in U2OS, HeLa and non-cancer hTERT-RPE1 cells suggesting that pS1618-53BP1 modification is not restricted to a particular cell type (Fig. 2F, G) . Further we assayed the dephosphorylation of 53BP1 during mitotic exit (Fig. 2H) . To this end, we synchronized cells in mitosis by nocodazole, collected them by shake off and released them to fresh media. The removal of pS1618-53BP1 modification correlated to disappearance of pS10-histone H3 as well as degradation of cyclin B and Plk1 during mitotic exit. We conclude that Plk1 phosphorylates S1618 specifically during mitosis.
Phosphorylated 53BP1 and Plk1 co-localize at kinetochores Next we wondered in which subcellular compartment Plk1 phosphorylates 53BP1 during mitosis. 19, 20, 38 It is well established that active Plk1 is enriched at spindle poles and kinetochores during metaphase and translocates to the midbody during cytokinesis. 39 Kinetochore localization of 53BP1 has also been reported although its functional relevance still remains unclear. 40 First, we have used immunofluorescence microscopy and probed for endogenous 53BP1 in U2OS cells. Consistent with previous reports 53BP1 localized predominantly to the cell nucleus in interphase cells. In mitosis, 53BP1 was excluded from the condensed chromatin and the majority of 53BP1 was present diffusely in the cytosol (Fig. 3A) . In addition, substantial part of endogenous 53BP1 closely associated with the centromeric marker CREST in mitotic cells (Fig. 3A) . Specificity of the 53BP1 staining was confirmed by an RNAi-mediated depletion of 53BP1 that resulted in a complete loss of the kinetochore staining and a strong reduction of the diffuse staining (Fig. 3A) . Confocal microscopy showed that 53BP1 co-localized at kinetochores with Plk1 suggesting that active Plk1 may phosphorylate 53BP1 at kinetochores (Fig. 3B) . Indeed, we have found that 53BP1 phosphorylated at Ser1618 is present at kinetochores during mitosis (Fig. 3B) . Besides localization to kinetochores, pS1618-53BP1 was present diffusely throughout the mitotic cell. Importantly, the signal observed with the pS1618-53BP1 antibody disappeared in cells transfected with 53BP1 siRNA confirming the specificity of the antibody in immunofluorescence (Fig. 3C ). In addition, pS1618-53BP1 signal was strongly reduced after treatment with BI2536 or after siRNA-mediated depletion of Plk1 which is consistent with the key role of Plk1 in phosphorylating S1618 of 53BP1 (Fig. 3C) . Relative quantification of the immunofluorescence signal showed that 53BP1 is phosphorylated at Ser1618 exclusively in mitosis and the signal intensity reached the maximum during metaphase and anaphase and declined afterwards during telophase (Fig. 3D) . Thus dynamics of the pS1618-53BP1 phosphorylation closely correlates with the high activity of Plk1 during metaphase and decreased Plk1 activity due to the degradation of Plk1 by APC/ Cdh1 complex during mitotic exit. 41 Due to the identified kinetochore localization of 53BP1 and its phosphorylated form pS1618-53BP1 we investigated whether 53BP1 might be involved in organization of a bipolar mitotic spindle and in control of the spindle assembly checkpoint. We have quantified the number of aberrant mitotic spindles in control and 53BP1-depleted cells and have found no significant differences (Fig. 3E) . Similarly, time lapse microscopy did not show any significant differences in timing of mitotic progression (data not shown). Consistent with a previous report we conclude that 53BP1 is not involved in control of the spindle assembly. 23 Instead, we propose that kinetochores may represent a compartment where Plk1 phosphorylates 53BP1 at S1618 and after release from the kinetochore phosphorylated 53BP1 may be present throughout the cell.
To study the interaction between 53BP1 and Plk1 we immunoprecipitated EGFP-53BP1 from cells synchronized in mitosis by nocodazole or from cells arrested in late G2 phase by treatment with Cdk1 inhibitor (Fig. 3F) . Whereas 53BP1 immunopurified from G2 cells interacted only weakly with Plk1, we found that this interaction was significantly increased in mitotic cells.
Cdk1 phosphorylates 53BP1 at S1678 and T1609
Cdk1/cyclin B is the major regulator of the mitotic progression and its activation triggers entry to mitosis whereas its activity declines after APC/C-dependent degradation of cyclin B after metaphase to anaphase transition. In addition, another prolin-directed protein kinase, p38a has been reported to be activated during mitosis although its physiological relevance remains unclear. 42, 43 Here we compared the ability of Cdk1/cyclin B and p38a to phosphorylate the Cterminal part of 53BP1. Although both kinases were able to phosphorylate the 53BP1-C-term in vitro, it was much better substrate for Cdk1/ cyclin B and comparably lower level of phosphorylation was observed with p38a ( Fig. 4A) . Combined with the data with Cdk1 and p38a inhibitors ( Fig. 1) we conclude that in mitosis 53BP1 is physiologically phosphorylated by Cdk1/cyclin B rather than by p38a. Next, we mapped the Cdk1 phosphorylation sites in the C-terminal part of 53BP1 by in vitro kinase assay using a set of alanine mutants in the putative Cdk1 sites (Fig. 4B) . We found that phosphorylation of 53BP1-S1678A by Cdk1 was strongly reduced (approximately to 20%) compared to the wild-type C-terminal fragment of 53BP1. In addition, phosphorylation of the 53BP1-T1609A mutant was slightly but reproducibly lower compared to the wild-type 53BP1. S1635 and T1648 form consensus phosphorylation motifs SSP and STP, respectively, and after priming by Cdk1 phosphorylation they could potentially serve as docking sites for PBD of Plk1. 44 However, we found that 53BP1-S1635A and 53BP1-T1648A were phosphorylated by Cdk1 at comparable level to the wild-type 53BP1 and therefore these sites are unlikely to mediate binding of Plk1. These data together suggest that S1678 and T1609 are the major Cdk1 phosphorylation sites in the C-terminal part of 53BP1. Importantly, both S1678 and T1609 residues were identified in proteomic screens to be phosphorylated during mitosis in vivo. 26 Besides phosphorylation of the C-terminal part of 53BP1 reported here, Cdk1 was previously shown to phosphorylate S380 of 53BP1 forming a docking site for Plk1. 23 
53BP1 phosphorylation by Plk1 impairs its binding to ubiquitinated histones and localization to foci
Since S1618 resides in the UDR motif that has recently been reported to mediate the direct interaction of 53BP1 with monoubiquitinated histones, we wondered whether phosphorylation of this residue may affect the ability of 53BP1 to bind to modified histones. 7 To test this we established a pull down assay using the wild-type GST-53BP1-C-term fusion protein or its phosphorylation mimicking aspartate mutants and the extract from U2OS cells stably expressing FLAG-tagged ubiquitin that were treated with a topoisomerase II inhibitor etoposide. We found that the wild-type GST-53BP1-Cterm bound ubiquitinated histones in the extracts from cells exposed to genotoxic stress (Fig. 5A) . In contrast, the ability to bind ubiquitinated histones was strongly reduced or completely lost in GST-53BP1-Cterm-S1618D and GST-53BP1-Cterm-S1609D-S1618D mutants, respectively (Fig. 5A) . In addition, the binding of the wild-type GST-53BP1-Cterm to ubiquitinated histones was strongly reduced when the protein was phosphorylated by Plk1 and completely abolished when phosphorylated by Plk1 and Cdk1/cyclin B (Fig. 5B) . This suggests that Plk1 and Cdk1 collaborate on inhibition of 53BP1 interaction with the ubiquitinated chromatin.
After exposure to genotoxic stress, E3 ubiquitin-protein ligase RNF168 mono-ubiquitinates histone H2A at K13 and K15. 6, 45 In turn, H2A-K13/15 ubiquitination and H4K20 dimethylation are recognized by UDR and Tudor domains, respectively, and are essential for recruitment of 53BP1 to the DNA damage foci. 7, 8 To determine how phosphorylation affects 53BP1 function, we compared the ability of wild-type and mutated 53BP1 to localize to the sites of DNA damage. First, we induced a local DNA damage by laser microirradiation and assayed the dynamics of EGFP-53BP1 recruitment to damaged chromatin in living cells. Whereas the wild-type 53BP1 quickly redistributed to the exposed area within 1 minute after irradiation, recruitment of 53BP1-S1618D and 53BP1-T1609D-S1618D mutants was strongly delayed showing only weak signal later than 5 minutes after irradiation (Fig. 5C and data not shown). Next we tested the ability of 53BP1 to localize to DNA damage foci induced by ionizing radiation (IRIF). We found that recruitment of 53BP1-S1618D to foci was reduced compared to the wild-type 53BP1 (Fig. 5D) . Consistent with the in vitro studies the ability to localize to foci was further decreased in the 53BP1-T1609D-S1618D mutant (Fig. 5D) . Formation of IRIFs was not completely blocked in the 53BP1-T1609D-S1618D mutant, which most probably reflects the ability of EGFP-53BP1 to oligomerize with the endogenous 53BP1 that was present in our experiment. Alternatively, yet other posttranslational modifications of 53BP1 may contribute to further decrease the binding capacity of 53BP1 to ubiquitin. One of such candidate modifications is phosphorylation of S1678 by Cdk1 as we observe that S1678D mutation partially inhibits binding to ubiquitinated histones in vitro (data not shown). Further, we tested the ability of mutant 53BP1 to localize to the OPT bodies, characteristic nuclear structures present in cells progressing through the G1 phase. 46, 47 Similarly to decreased ability of 53BP1 carrying the phosphomimicking mutations in Plk1 and Cdk1 sites to IRIFs we find also impaired formation of the OPT bodies in unstressed conditions (Fig. 5E) . Finally, we wished to address when the Plk1-dependent inhibition of 53BP1 localization to DNA damage foci occurs in context of the cell cycle. Previously we have shown that Plk1 activity is triggered by phosphorylation at T210 and starts 5-6 h prior mitotic entry. 48 Therefore we wondered whether 53BP1 can localize to IRIFs in late G2 phase. We have found no differences in formation of the 53BP1 foci in cells with separated centrosomes (Fig. 5F ). This finding is in good agreement with the observed basal interaction between 53BP1 and Plk1, and with absent pS1618 phosphorylation of 53BP1 in G2 cells. We conclude that blocking the interaction of 53BP1 with damaged chromatin through phosphorylation of the UDR motif by Plk1 and Cdk1 is restricted to mitosis.
Plk1 activity supresses DNA repair in mitotic cells
To address the role of Plk1 in regulation of DNA repair during mitosis, we incubated mitotic cells with DMSO or Plk1 inhibitor and measured the level of DNA damage by comet assay at various time points after addition of a radiomimetic drug NCS (2 nM). Inhibition of Plk1 significantly reduced the level of DNA damage 1 h and 3 h after treatment with NCS which is consistent with increased DNA repair capacity in mitotic cells lacking Plk1 activity (Fig. 6A) . Next, we determined the level of DNA damage induced by NCS in mitotic cells by measuring gH2AX levels using flow cytometry (Fig. 6B) . This analysis revealed that DNA damage was efficiently induced in control mitotic cells and also in cells treated with Plk1 inhibitor. Interestingly, gH2AX levels decreased signifi-
Next we wished to test how phosphorylation of 53BP1 can affect its function in DNA repair. To this end, we depleted endogenous 53BP1, reconstituted cells with siRNA non-targetable EGFP-53BP1 and assayed the response to DNA damage (Fig. 6C, D, E) . We noted that wild-type 53BP1 properly localized to the DNA damage-induced foci and prevented recruitment of BRCA1 to DNA damage foci in U2OS and RPE cells (Fig. 6D, E) . In contrast, cells reconstituted with 53BP1-S1618D or 53BP1-T1609D-S1618D formed BRCA1-positive foci suggesting that phosphorylation of 53BP1 impairs its ability to suppress the recruitment of BRCA1 to the foci (Fig. 6D, E) . Whereas most of DNA lesions are repaired during interphase in 53BP1-independent manner, a fraction of lesions (mostly in heterochromatin or at telomeres) requires 53BP1 for efficient repair by NHEJ pathway. [11] [12] [13] In agreement with this we found that cells reconstituted with 53BP1-T1609D-S1618D showed a delayed decrease of gH2AX levels after irradiation compared to cells reconstituted with wildtype 53BP1 (Fig. 6F) . We conclude that phosphorylation of 53BP1 by Plk1 and Cdk1 impairs its function in DNA repair.
Discussion
There is accumulating evidence that DNA damage response is differently organized during interphase and in mitotic cells. Following exposure to genotoxic stress, ATM is activated similarly in interphase and mitosis and phosphorylates histone H2AX in the chromatin flanking the DNA lesion. In fact, ATM has been reported to be activated also by a low level of DNA damage present in the condensed chromatin in unperturbed mitosis. 46, 47 The ability of ATM to respond even to such minimal extent of DNA damage during mitosis may be facilitated by APC cdc20 -dependent degradation of the opposing phosphatase Wip1 during mitosis. 24 Although ATM is activated normally during mitosis, the downstream events in the DDR that depend on chromatin ubiquitination are supressed in mitosis. 19, 21 Here, we have shown that mitotic kinases Cdk1 and Plk1 phosphorylate 53BP1 within its UDR domain, block its interaction with ubiquitinated chromatin and interfere with its function in DNA repair. Previously we have established that Plk1 activity is regulated by phosphorylation of Thr210 within the T-loop of Plk1 by Aurora A and that initial activation of Plk1 occurs already in G2 and gradually increases toward mitosis. 48 Using immunofluorescence microscopy of exponentially grown cultures we found that phosphorylation of 53BP1 at S1618 is restricted to mitotic cells, suggesting that additional mechanisms regulating the modification of 53BP1 by Plk1 may exist. Indeed, interaction between 53BP1 and Plk1 was increased during mitosis. Mitotic phosphorylation of S380 in the N-terminal part of 53BP1 was previously reported to generate a docking site for the PBD domain of Plk1. 23 Whereas, Plk1 is activated at least 5-6 h prior mitosis, activation of Cdk1 triggers the onset of mitosis. Therefore, Plk1 interacts with 53BP1 only after its priming phosphorylation by Cdk1 during mitosis. In addition, Plk1 and 53BP1 co-localize at kinetochores from prophase to metaphase. How exactly 53BP1 is recruited to kinetochores still remains an open question. In this respect, it will be interesting to investigate whether localization of 53BP1 to kinetochores might be controlled by a recently described H4K20 monomethylation of the centromeric mononucleosomes. 49 The dynamics of pS1618-53BP1 correlates with the activity of Plk1 during mitosis and concurrently with the APC Cdh1 -dependent degradation of Plk1, pS1618-53BP1 levels rapidly decline during mitotic exit. 41 Protein phosphatase PP4 has recently been reported to dephosphorylate pS1618-53BP1 during mitotic exit. 50 Thus the interaction between 53BP1 and Plk1 and phosphorylation of the S1618 is tightly spatiotemporally regulated during mitosis.
Since the phosphomimicking 53BP1-S1618D mutant shows an intermediate phenotype, other posttranslational modifications in the C-terminal part of 53BP1 likely contribute to abolishing the recruitment of 53BP1 to DNA damage foci during mitosis. Indeed, we find that 53BP1-S1609D-S1618D mutant shows an increased defect in localization to DNA damage foci in cells and also in binding ubiquitinated histones in vitro. This suggests that Plk1 and Cdk1 both phosphorylate 53BP1 and collaborate on blocking its recruitment to damaged chromatin during mitosis. Although 53BP1-S1609A-S1618A mutant localizes to DNA damage foci in interphase cells, it fails to rescue the ability to localize to DNA damage foci during mitosis (data not shown). This suggests that recruitment of 53BP1 to damage foci is likely blocked by multiple mechanisms during mitosis. One of such mechanisms may involve control of histone ubiquitination in the chromatin flanking the DNA damage site. Ubiquitin ligase RNF8 has recently been identified as a substrate of Cdk1 and mitotic phosphorylation of RNF8 impairs its interaction with MDC1 and leads to the loss of histone ubiquitination during mitosis. 51 Combined expression of RNF8-T198A and 53BP1-T1609A-S1618A restored the ability of 53BP1 to localize to DNA damage foci in mitosis. 51 However, T198 of RNF8 is not evolutionary conserved and thus additional mechanisms may exist to regulate DDR in mitosis. For instance, level of the chromatin ubiquitination during mitosis may be controlled by deubiquitination. Multiple deubiquitinating enzymes were proposed to remove monomeric ubiquitin from K119 and K13/K15 of H2A and therefore it is likely that there is some redundancy in controlling histone deubiquitination. [52] [53] [54] Among these deubiquitinating enzymes USP3 and USP16 were reported to be regulated by mitotic events. USP3 associates with the chromatin and has the ability to deubiquitinate both K119 and K13/K15 of H2A.
52
USP16 is considered a major deubiquitinase of histone H2A and its depletion results in mitotic defects. 55 Moreover, function of USP16 is controlled by phosphorylation of S552 by Cdk1 during mitosis. 56 Consistent with the proposed role of USP16 in chromatin deubiquitination, its catalytically inactive mutant USP16-C205S was reported to associate with mitotic chromatin. 57 Similarly, we have observed that catalytically inactive mutant USP3-C168S is enriched at chromatin during mitosis (data not shown). Therefore it will be interesting to investigate the role of deubiquitinating enzymes in preventing histone ubiquitination during mitosis. Localization of the total 53BP1 to kinetochores was reported previously, however its functional relevance has remained unclear. 40 Consistent with a previous report we did not observe any defects in formation of the bipolar mitotic spindle or in control of the spindle checkpoint in cells depleted of 53BP1. 23 Therefore, we propose that localization of 53BP1 to kinetochores enables its interaction with and phosphorylation by Plk1. In turn, phosphorylated 53BP1 may dissociate from kinetochores resulting in diffuse distribution throughout cytosol. Phosphorylation of the UDR motif by Plk1 and Cdk1 prevents the interaction of 53BP1 with the chromatin.
Condensed chromatin in mitosis represents a major challenge for DNA repair. Since mitotic DNA lesions cannot be repaired by an error free homologous recombination, the only repair pathway that may act during mitosis is non-homologous end joining. 21, 58, 59 However, erroneous joining of 2 DNA ends may result in chromosomal translocations with deleterious consequences. Therefore it might be beneficial for cells to supress DNA repair during mitosis and repair the lesions after progressing to the following G1 phase. In particular, fusions of telomeres may occur in prolonged mitotic arrest when integrity of the telomeres is partially affected and this may cause aneuploidy. 60 Indeed, inhibition of 53BP1 was reported to prevent fusion of telomeres in mitotic cells exposed to irradiation. 51 Our data are consistent with this recent report published while our manuscript was in preparation. Since 53BP1 plays important role in control of genome integrity during interphase, inhibition of its function has to be carefully regulated. We propose a model by which combined modification of 53BP1 by Cdk1 and Plk1 allows transient inhibition of 53BP1 binding to the chromatin specifically during mitosis (Fig. 7) . Degradation of cyclin B and Plk1 in anaphase as well as direct dephosphorylation of pS1618 by protein phosphatases allows rapid reactivation of DNA repair during mitotic exit. Figure 5 . Phosphorylation of 53BP1 by Plk1 and Cdk1 inhibits its binding to ubiquitinated histones. (A) Purified GST, GST-53BP1-C-WT, GST-53BP1-C-S1618D or GST-53BP1-C-S1618D-S1609D were incubated with extract from U2OS-FLAG-ubiqiuitin cells treated with etoposide. Pull down was done by glutathione sepharose and bound proteins were analyzed by immunoblotting. (B) Purified GST-53BP1-C-WT was phosphorylated in vitro by Plk1 or Plk1 and Cdk1/cyclin B or mock phosphorylated and incubated with extract from U2OS-FLAG-ubiqiuitin cells treated with etoposide as in A. (C) U2OS cells transfected with EGFP-53BP1-WT, -S1618D or -S1609D-S1618D were pre-treated with BrdU, laser micro-irradiated and recruitment of EGFP-tagged proteins to irradiated area was assayed by life imaging. (D) Cells from (C) were fixed 3 h after exposure to ionizing radiation (3 Gy) and DNA damage foci were analyzed by automated high-content microscopy and spot detection module. Percentage of cells with more than 5 53BP1 foci is shown. (nD3, error bars indicate SD) (E) U2OS cells transfected with EGFP-53BP1-WT, -S1618D or -S1609D-S1618D were grown exponentially and analyzed 48 h after transfection by automated high-content microscopy. Average number of 53BP1 foci was quantified in G1 cells gated by the intensity of the DAPI. (nD3, error bars indicate SD) (F) Exponentially growing U2OS cells were fixed 3 h after irradiation with 3 Gy and probed with antibodies against 53BP1 and g-tubulin. Note no difference in 53BP1 foci formation in late G2 cell with separated centrosomes.
Materials and Methods
Cell lines
Human U2OS, HeLa and hTERT-RPE1 were cultured in Dulbecco's modified Eagle's medium (D-MEM) supplemented with 10% foetal bovine serum (FBS), L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37 C under 5% CO 2 atmosphere and 95% humidity. Cells were synchronized at G1/S transition by a double thymidine (2.5 mM) block (12 h-Thy/8 h-release/12 h-Thy), washed in PBS, released to fresh media supplemented with nocodazole to arrest cells in mitosis and collected in 2 h intervals. Alternatively, cells were synchronized in mitosis by 12 h cultivation in the presence of nocodazole, collected by shake-off, washed in PBS, released to fresh media and collected in 1 h intervals.
Where indicated, cells were treated with BI-2536 (10 nM; Selleckchem), Ro 3306 (9 mM; Tocris Bioscience) or SB202190 (3 mM; Sigma) selective inhibitors of Plk1, Cdk1 and p38 kinases, respectively. Cells were transfected with Silencer Select siRNA (10 nM) targeting GAPDH (negative control), Plk1 (CAACCAAAGUCGAAUAUGA) or 53BP1 (GAAGGACG-GAGUACUAAUA) using Lipofectamine RNAiMAX (Life Technologies) and 48 h after transfection nocodazole was added for additional 12 h to synchronize cells in mitosis. For -S1618D or -S1609D-S1618D were transfected with siRNA targeting 3-UTR region of 53BP1. After 48h expression of EGFP-53BP1 was induced by tetracycline for 12h, cells were irradiated with 3 Gy and fixed 8h afterwards. BRCA1 foci were analyzed by automated high-content microscopy. Average number of 53BP1 foci was quantified in G1 cells gated by the intensity of the DAPI and negative Cyclin A signal (nD3, error bars indicate SD). (E) RPE cells stably expressing EGFP-53BP1-WT or -S1609D-S1618D were treated and analyzed as in (D). (nD4, error bars indicate SD). (F) RPE cells stably expressing EGFP-53BP1-WT or -S1609D-S1618D were treated as in (D) and gH2AX-positive foci were analyzed by automated high-content microscopy. Average number of gH2AX-foci was quantified in G1 cells gated by the intensity of the DAPI and negative Cyclin A signal (nD3, error bars indicate SD).
reconstitution experiments, endogenous 53BP1 was depleted by transfection of siRNA targeting the 3-UTR region of 53BP1 transcript (AAAUGUGUCUUGUGUGUAA). 61 Plasmid DNA transfections were performed using GeneCellin Transfection Reagent (BioCellChallenge). U2OS cells stably expressing tetracycline repressor were cultured as described previously. 24 
Antibodies
Following antibodies were used in this study: Cyclin B (sc-245), Cyclin A (sc-53230), BRCA1 (sc-6954), TFIIH (sc-293) and 53BP1 (sc-22760; Santa Cruz Biotechnology); pS10-histone H3 (06-570; Millipore-Upstate); anti-FLAG (F1804; Sigma); pS15-p53 (#9284S), gH2AX (#2577), pT210-Plk1 (#9062, clone D5H7) and pS1618-53BP1 (#6209, clone D4H11; Cell Signaling Technology); CREST (Cortex Biochem); anti-a-tubulin (clone TU-01) and anti-gamma-tubulin (clone TU-32, Exbio Praha). Alexa Fluor fluorescently labeled secondary antibodies were from Life Technologies. Secondary antibodies labeled with HRP were from Bio-Rad.
Plasmids DNA fragment coding the EGFP was cloned into HindIII/ KpnI sites of pcdna4/TO (Life Technologies) and human 53BP1 cDNA was ligated in frame with EGFP into KpnI/NotI sites. Fragment coding the C-terminal part of 53BP1 (amino acids 1483-1972; referred to as 53BP1-C-term) was cloned in BamHI/NotI sites of pGEX6P (GE Healthcare). Mutagenesis was performed using QuickChange II Site-directed mutagenesis kit (Agilent Technologies). Human USP3 cDNA (NM_006537, Open Biosystems) was cloned in frame in XhoI site of pcdna4/ TO-EGFP and USP3-C168S mutant was generated by site directed mutagenesis. All mutants were verified by sequencing.
Protein purification and kinase assays GST-tagged proteins were expressed in BL21-Gold (DE3) bacteria by induction with 0.5 mM IPTG for 5 h at 37 C and purified using Glutathione Sepharose 4 Fast Flow (GE Healthcare). Kinase assays were performed in 25 mM MOPS pH 7.2, 12.5 mM b-glycerol-phosphate, 25 mM MgCl2, 2 mM EDTA, 5 mM EGTA, 0.25 mM DTT supplemented with 100 mM ATP and 5 mCi 32 P-g-ATP. Purified GST, 53BP1-Ct-WT, 53BP1-Ct-S1618A (2 mg) were incubated with 100 ng His-Plk1 (17 nmol/min/mg; SignalChem) for 20 min at 37 C. Purified GST, 53BP1-Ct-WT, 53BP1-Ct-T1609A (2 mg) were incubated with 100 ng cyclin B/Cdk1 (16 nmol/min/mg; Biaffin) or 20 ng p38a (90 nmol/min/mg; Sigma) for 20 min at 37 C. Phosphorylation was visualized by autoradiography.
Pull-down assays U2OS cells stably expressing FLAG-ubiquitin were treated with etoposide (10 mM) for 12 h and lyzed in IP-buffer [20 mM HEPES pH 7.5, 150 mM NaCl, 0.1% TX-100, 10% glycerol] supplemented with 3 mM MgCl2, 5 mM N-Ethylmaleimide (Sigma) and protease inhibitor cocktail (Roche). Cell extract was sonicated 3£ for 20 sec, spinned down 15.000 g for 10 min and DNA was removed by incubation with 5 U of Benzonase (EMD Millipore) for 1 h at 4 C. Cell extract was incubated with purified GST, 53BP1-Ct-WT, 53BP1-Ct-S1618D or 53BP1-Ct-S1609D-S1618D (2 mg) for 3 h at 4 C and bound proteins were pulleddown with glutathione sepharose beads (30 ml). Alternatively, 53BP1-Ct-WT was first phosphorylated in vitro by Plk1 or cyclin B/Cdk1 and then used for pull-down assay.
Immunoprecipitation U2OS cells stably expressing EGFP-53BP1 were synchronized in G2 by Ro3306 or in mitosis by nocodazole, extracted in IP-buffer supplemented with PhosSTOP phosphatase inhibitor (Roche) and sonicated 3£ for 20 sec. Cell extracts were clarified by spinning down 15.000 g for 10 min and incubated with GFP-Trap-A (Chromotek) for 1 h at 4 C. After washing with IPbuffer, bound proteins were eluted by SDS sample buffer, separated on Figure 7 . Model of 53BP1 inhibition by Plk1 and Cdk1 phosphorylation in mitosis. Following exposure of interphase cells to genotoxic stress, activation of ATM eventually leads to monoubiquitination of H2A by RNF168. Together with constitutive H4K20-me2 modification this allows recruitment of 53BP1 to DNA damage foci and its function in NHEJ repair. In mitosis, Cdk1 phosphorylates 53BP1 in the Nterminal part to generate a docking site for Plk1. In turn, Plk1 phosphorylates 53BP1 at S1618 within the UDR domain and disables binding of 53BP1 to H2A-Ub. In addition, Cdk1 phosphorylates S1609 and S1678 further inhibiting the ability of 53BP1 to bind to H2A-Ub. Mitotic 53BP1 is not phosphorylated by ATM in mitosis and its role in NHEJ is blocked.
4-12% NUPAGE gradient gel and analyzed by immunoblotting.
Immunofluorescence and microscopic analysis Cells were cultured on glass coverslips, fixed using 4% formaldehyde for 10 min, permeabilized by ice-cold methanol, blocked for 1 h with 3% BSA in PBS supplemented with 0.1% Tween-20 (PBST) and incubated with the primary antibodies for 1 h at room temperature. After washing with PBST, coverslips were incubated with Alexa Fluor conjugated secondary antibodies for 1 h at RT. DNA was stained with DAPI (Sigma) for 2 min and coverslips were mounted using Vectashield reagent (Vector Laboratories). For quantification of 53BP1-pS1619 signal intensity images were captured using a Leica AF 6000 System (DFC 350 FX R2 camera) equipped with 40£/0.75 DRY objective (HCX PL APO; Leica) and total cell fluorescence was measured using ImageJ. For each cell, the background signal of surrounding area without cells was subtracted. Confocal microscopy was carried out on Leica SP5 DMI 6000 equipped with 63£/1.40 objective (HC PL APO CS2 OIL; Leica) and each channel was scanned independently. Analysis of 53BP1, BRCA1 and gH2AX foci formation was performed using a high-content screening station (Scan^R; IX81 Olympus; ORCA-285 camera) equipped with a 40£/1.3 NA objective (RMS40X-PFO; Olympus) as described previously. Nuclei were identified based on DAPI signal. Average number of 53BP1, BRCA1 or H2AX foci was determined using a spot detection module. Cells transfected with wild-type or mutant EGFP-53BP1 were gated according to the EGFP signal. DNA damage by microirradiation and subsequent imaging was performed using Leica SP5 DMI 6000 equipped with 63£/1.40 objective (HC PL APO CS2 OIL; Leica) and temperature-controlled (37 C) chamber. Cells grown on m-Slide 8-well (Ibidi) were pre-sensitized with BrdU (10 mM) for 24 h. Before imaging, culture media was replaced with colorless Leibovitz's L-15 medium (Invitrogen) supplemented with 10% FCS. Cells were microirradiated with a 405 nm laser (100% power) and imaged at 30 s intervals for 10 frames.
Flow cytometry
Cells were synchronized in mitosis by nocodazole in presence of BI-2536 (50 nM), collected by shake-off and treated with NCS (2 nM) for indicated time. Cells were harvested, fixed by ethanol and permeabilized using 0.2% Triton X-100. After blocking with 1% BSA in PBS, cells were incubated with primary antibodies in blocking solution for 2 h at room temperature, washed and incubated with Alexa Fluor conjugated secondary antibodies for 1 h at room temperature. Cells were washed, stained with DAPI and subjected to FACS analysis using LSRII (BD Biosciences) and FlowJo software (Tree Star) to determine intensity of g-H2AX in mitotic cells.
Comet assay
Cells were synchronized in mitosis by nocodazole in presence or absence of BI-2536 (50 nM), collected by shake-off and treated with NCS (2 nM) for indicated time. Cells were harvested, washed by PBS, embedded to slides with low melting agarose and lysed in 2.5 M NaCl, 100 mM EDTA, 10 mM Tris-Cl pH 10 supplemented with 0.5% Triton X-100 overnight at 4 C. Next day, slides were immersed in cold neutral electrophoresis buffer (50 mM Tris, 150 mM sodium acetate pH 9) for 30 minutes and then subjected to electrophoresis in neutral electrophoresis buffer at 1 V/cm distance of electrodes for 45 minutes at 4 C. DNA was precipitated by ethanol and dried before staining with SYBR gold in PBS for 30 minutes at room temperature. Slides were washed and dried. Images were acquired by a Leica AF 6000 System (DFC 350 FX R2 camera) equipped with 10£/ 0.40 DRY objective (HCX PL APO). Comets were analyzed by ImageJ using OpenComet plugin and percentage of DNA in comet tails was quantified.
Statistical analysis
Statistical significance was evaluated by Prism software using a 2-tailed paired t-test.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
